We study the pha~ diagram of the U(1) and SU(2) lattice Higgs model without freezing out radial excitations in the framework of the meanfield theory. § 1. Introduction
The phase structure of lattice Higgs model has been studied by many authorsl)-4) with radial excitations of the Higgs scalar frozen out. Revealed was a remarkable feature of complementarityl),5) which states that, in Higgs models with a scalar in the fundamental representation, the Higgs and the confining phases are analytically connected with each other. Many applications of the complementarity have been made in the continuum theory.6) However the continuum limit of lattice models is expected to be attained for renormalizable interactions,7) whereas the frozen Higgs models are not renormalizable. It will thus be necessary to study radially active models and clarify their phase structures.
Many approaches are possible; Monte Carlo simulations and analytic studies. Among the latters the meanfield (MF) theory is very useful since it has succeeded in reproducing phase diagrams qualitatively and enables us to calculate further corrections systematically. 3) Recently Munehisa and Munehisa 8 ) have performed a Monte Carlo study of a radially active Z2 lattice Higgs model using a discrete approximation of the radial mode r. In the previous paper 9 ) we made a series of MF studies of this model and showed that the MF theory was qualitatively successful also in the radially active model as in the frozen model. 4) We also discussed that the concept of a mode correlation is useful to understand the physical properties of each MF model. In this paper we extend the previous analysis to more realistic Higgs models of U (1) and SU (2) gauge groups.
In §2 we first introduce the models and give a brief review of MF method in a suitable manner for application to our models. We then investigate the U (1) and SU (2) Higgs models in § §3 and 4. Section 5 is devoted to the conclusion and discussion. § 2. The models and the method
We study the following action on a d dimensional euclidian cubic lattice: where Up is an ordered product of Uij along a plaquette p and ri=/ f/Ji t f/Ji!E;.O. We take a standard Wilson action for 5p, (2·3) and Uij is in the fundamental representation. The Higgs self-interaction V ( r i) is parametrized so that it may become in the naive continuum limit, where ¢ = Uf/J, A = /3/ u 4 and u 2 
is absorbed in the kinetic term.) The'gauge-matter interaction 5l will be specified below.
We construct the MF action 50 by replacing all the neighbouring fields in 5 by their meanfields, while retaining the self-interaction V(r;) in the MF action,
where 
We construct free energy rMF from the MF action through a Legendre transformation of the corresponding generating function. This construction keeps connection with the variational theory, so that the resulting free energy rMF is guaranteed to give an upper bound of the true free energy.
Furthermore we can combine the technique of the MF theory with the variational theory. This is helpful in actual calculations of rMF for complicated systems. In the case of double-charged U(1) Higgs scalar or5U(2) adjoint Higgs scalar, we also introduce MFs for quadratic variables (see §3). For detail of the MF method see Appendix A of our previous paper, where gauge trasformation property of the MF theory is also discussed. § 3. U(l)-Higgs model
First we study the unit-charged U(1) Higgs model,
In the unitary gauge, we have On the contrary, the MF2 reproduces the Coulomb phase but not the end point (Fig. 1) . We can understand this result as follows; the MF1 includes the gauge-spin mode correlation but lacks the symmetry breaking effect of the spin mode, the MF2 is quite opposite. We generalize these MF approximations to· radially active models. We can reconstruct the expected phase diagram by combining these two MF results, since the radial mode itself may induce no new order parameters (except for /3=0 where an additional symmetry 9 ~ 9 +const appears) and it will only shift the effective coupling i.5
constants of the spin system. 
Coul.
L: Summarizing our results, we can depict the expected phase diagram ( 
At a=/3=oo, the system becomes a Zq gauge system and thus has phase transitions of such.1)-4) In this paper we limit ourselves to the case q = 2. As explained before we corresponding MF (MFa in Fig. 5 (a», is not consistent with the variational theory. In the variational approach, on the other hand, we can of course use a linear trial action carefully treating quadratic fields in the free energy.l1) However it will then be difficult to calculate corrections 3 ) to this approximation. All these difficulties are solved by introducing new MF's corresponding to quadratic fields. 9 ) (Even in the variational theoretical point of view, this provides a new approximation, which gives a better result in some cases. 12 
»
When we introduce "center variables"4) (MFb in Fig. 5 (a» and rewrite the original action, we encounter the same difficulties since we still have quadratic fields in the action.
At the first glance, it may seem strange that the free energy in the MF approximation
. rMF thus obtained depends on additional variables V corresponding to MF's of quadratic fields, since the original free energy does not. However, the number of field variables in the free energy is not necessarily equal to the number of order parameters. It is possible that some phase transition is caused by a sudden change of the behavior of this function V. 
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Fig. 6. Phase diagram of the fundamental 5U(2)
Higgs model in MFI and MF2 at /3=00. 4 ----------------------- Coul. of the pure gauge system. l3 )
MF theory predicts a first order transition for any d. Therefore we should be careful in applying its results to d = 4.
The frozen model ([3 = 00 ) has the Higgs-confining complementarity if the scalar is in the fundamental representation.
l )
The adjoint model, on the other hand, becomes a Z2
x U(l) gauge theory at a=OO (Uij=zijei8irr:3; Zij= ±1, O~eij<2Jl'), which is equivalent to the U(l) gauge theory and has the second order phase transition. Our MF results for the S U (2) Higgs model are limited to the case of fundamental representation Higgs scalar. At [3=00 our result is summarized in Fig. 6 . At d=4, some of these first order transitions must be interpreted as crossover transitions.*) The result for finite [3 is summarized in Fig. 7 .
The second order critical surface of MF2 for the fundamental SU(2) model can be expressed explicitly as is qualitatively the same figure as Fig. 3(b) of U (1) q = 1, which is easily presumed from the results respectively. The expected phase diagram of SU (2) Higgs model is also qualitatively the same figure as Fig. 4 . But several comments and interpretations are needed in comparing with a Monte Carlo study for predicting the true phase diagram. *) According to a Monte Carlo study 14) of the d=4 frozen 5U(3) Higgs model with a fundamental Higgs scalar, the first order line should be a crossover line. In fact, the large a limit of this model is an 5U(2) gauge theory which also has a crossover transition.
In each ,8-fixed plane, as the result of Fig. 7 (MF2) the 'Coulomb'-Higgs second order transition line ends at the triple point and the confining-'Coulomb' first order transition line meets this point. Then first order transition line develops from this point similarly to the ,8=00 plane in Fig. 6 . In a Monte Carlo study the SU(2) Higgs model seems to have only the second order transition line and the evidence of this transition disappears for sufficiently small ,8g and not so small ,8.*) The confining-'Coulomb' first order transition line must be interpreted as crossover transition line as the case ,8=00.**)
We can expect the first order transition line of MF2 ends at the end point of the first order transition line of MF1 as in the U(l) charge 1 and Z2 models, because MF1 gives the correct feature of the moving of the end point as explained in the previous section or Ref . 9) . Perhaps this corresponds to the disappearance of the transition line for small ,8g in a Monte Carlo study. § 5.
Conclusion and discussion
We have studied U(l) charge 1, charge 2 and SU(2) fundamental representation Higgs models. By analogous method of MF approximation we can expect for theSU (2) adjoint representation Higgs model phase diagrams similar to those of the U(l) charge 2 model.
We investigated the treatment of MFs together with mode correlation problem. The two MF methods we have studied (the unitary gauge MF model (MFl) and the gaugeunfixed one (MF2» succeed only partially. For finite ,8 (also for ,8=00) the MF1 can reproduce the erid point of the first order confining-Higgs transition line but not the transition line between the Higgs and the Coulomb phase, while the MF2 reproduces the Coulomb phase but not the end point. We can combine these MF results to reproduce the expected phase diagrams even in the zeroth order MF approximations.
The specific property of radially active Higgs model that the transition line completely separates two phases (confining and Higgs) for sufficiently small ,8 owing to the effect of radial degree of freedom, is the same for U(l) q=l and SU(2) fundamental representation Higgs models as Z2 case.
)
Another interesting problem is about the transition of Coulomb-Higgs phase, which will be mentioned later in this section.
Moreover our treatment of quadratic fields (adjoint representation fields) in MF method gives better approximation.
Higher order calculations to the MF approximation correct the disagreement of the phase diagrams between the results of the above two methods (MF1 and MF2) and lead to the true diagram that we have expected in the previous sections. But ordinary perturbative calculations of corrections (gaussia,n correction) to the zeroth order MF approximation can only shift first order transitions and will be difficult to add (deny) some phase structures failed (overpredicted) in the lowest order MF study because of the *) Recently Monte Carlo study has been done for the 5U(2) Higgs model with a radially active Higgs scalar in the fundamental representation. In MF approximation the transition of the spin model is second order. For the Higgs model, the Coulomb-Higgs transition inherits this feature of the spin model in this approximation, and this feature is kept for radially active model. Then in the zeroth order MF approximation the Coulomb-Higgs transition of the Higgs model (radially active or not) is second order and does not depend on the gauge group we investigated. It is not clear yet whether perturbative corrections of the radially active Higgs model convert this transition to first order or not. In this calculation, gauge mode contribution might be important if the above phenomenon occurs, as expected from the studies for the analogous problem of the phase transition in superconductor in d=3 or in the smectic-A liquid crystaF8),29) Halpelin, et ar. predicted these transitions to be weakly first order both from a generalized MF approximation and Wilson-Fisher e-expansion analysis .. But for the radialy fixed model by the perturbative correction of MF theory the order of this transition is not changed and still remains to be second order. If we expect the occurrence of the phenomenon like Ref. 28) , the radial degree of freedom should be also important. Then the calculation of correction is necessary for radially active model like ours. And our MF methods studied in this paper and the previous one bear the systematic perturbative corrections to the zeroth order vaccuum for radially active Higgs models even for charge-2 or adjoint representation Higgs model. Therefore our MF studies and higher order calculation of corrections together with improved MF methods mentioned above are worthwhile in order to get better understanding in these models.
Finally, the continuum limit is expected to exist in the second order critical surface perhaps for [3g=oo. For clarifying this problem further investigations such as the renormalization group study must be done for our models.
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